Abstract: This work investigated experimentally the photothermal conversion efficiency (PTE) of 10 gold nanofluids in a cylindrical tube under natural solar irradiation conditions, and compared with a 11 developed 3-dimensional numerical model. The PTE of gold nanofluids was found to be much higher 12 than that of pure water, and increased non-linearly with particle concentration, reaching 76% at a 13 concentration of 5.8 ppm. Significant non-uniform temperature distribution was identified both 14 experimentally and numerically, and a large uncertainty can be caused in the PTE calculation by using 15 only one temperature measurement. A mathematical model was also developed to calculate the 16 absorption efficiency without knowing the temperature field, which can be used to predict the 17 theoretical PTE for nanofluids based on their optical properties only. 18 19
Experimental settings 158
The experimental setup in this study is showed in Fig. 2a and b. The tubes used in this experiment were 159 custom-made from high temperature resistant quartz glass. The tube contained a vacuum interlayer to reduce 160 the impact of convection from outside air. The sample fluids were placed in the inside-tube with a diameter of 161 25 mm and length of 300 mm. The outside-tube had a diameter of 60 mm with two small-bore pipes, which 162 were used to fix temperature sensors. 163
As shown in Fig. 2b , three T-type thermocouples (Omega TT-T-40-SLE) with a precision of ±0.5 K were 164 placed evenly in the bottom, middle, top of the sample fluids along the optical depth, and two more 165 thermocouples were applied to measure the air inside and outside the tube (i.e., the ambient), respectively. A 166 data acquisition (Agilent 34970A) system was used to measure the thermocouple voltage signal and then 167 transferred it into digital form, recorded in a PC under LabVIEW environment. A solar radiation intensity 168 sensor was employed to measure the solar intensity, and the data was also recorded in the PC. 169
3 Experimental results analysis 170
Temperature variation 171
Example temperature curves of gold nanofluids and DI water under varied natural solar intensity are shown 172 in Fig. 3a , together with the air temperature inside and outside the tube. A slow increase in DI water 173 temperature is observed and the solar intensity (I) was varied from about 400 W/m 2 to 700 W/m 2 . Clearly the 174 temperature variation of both water and nanofluids lags behind, but gold nanofluids show much more rapid 175 temperature increase under the same intensity than pure water. For example, the bulk temperature is increased 176 by ~21 K after 60 minutes' heating for a GNP concentration of 5.8 ppm, more than three times of pure water 177 temperature rise. Here the average temperature from three thermocouples, i.e., (
was used to represent the fluid temperature.9 three thermocouples for 5.8 ppm gold nanofluid and DI water respectively under the same condition as Fig.  181 3a. . Consistent large temperature difference was found for the nanofluid. A maximum 2.6 K temperature 182 difference was found for nanofluid after 28 minutes' illumination, but for DI water, the maximum temperature 183 difference was in a relative small region (i.e., less than 0.5 K). Considering the potential large temperature 184 difference in the nanofluid, as will be revealed by the numerical model, the location of the thermocouple 185 would affect the calculated PTE significantly if only one measurement was used. 186 Fig. 3c shows an example of the influence of solar intensity variation on the PTE for 0.72 ppm gold 187 nanofluid. For the constant solar intensity case , the temperature increased smoothly and reached the 188 equilibrium point after two hours' illumination; but for varied solar intensity (cloudy day), the same nanofluid 189 exhibits a changing tendency, which follows the pattern of solar intensity variation. Generally, salient 190 temperature difference among three thermocouples can be observed under both solar intensities, being larger 191 for a higher solar intensity. Further non-uniform temperature distribution and its effects on the solar efficiency 192 is discussed in section 5. 193
Efficiency and SAR 194
The average photothermal conversion efficiency (PTE) is defined as the ratio of the internal energy increase intensity case, which is assumed to be related to an increased heat loss. In order to get better understanding of radiative heat transfer in gold nanofluids, a numerical model was built 218 in this work. Realistic solar irradiation profile was calculated based on ASTM G173-03 Reference Spectra [32] . 219
As shown in Fig. 5a , the solar irradiation on the ground is distinctly different from that at top of atmosphere, 220 especially for spectral emissive power in infrared, which is due to the intense absorption of H2O and CO2 in 221 atmosphere. The result from integrating the spectral emissive power with wavelength shows that nearly 99% of 222 solar radiation energy at sea level exists in 0.2~3 m . As solar emissive power takes part of nearly 43% in for sun (T=5762 K) and nanofluid (T=303 K) has been calculated and separated into two bands on wavelength 226 of 3 m (see in 
Radiative transfer equation and heat transfer equation 251
The property of spectral intensity can be described simultaneously by the radiative transfer equation, known 252 as RTE [30] : 253
where I  represents the radiative intensity of wavelength range 
The boundary condition and initial condition are: 266
where h is the convection coefficient due to convection from one end of the tube contacted with air outside, 269 whose contribution to the result is small and a typical value of 2 15 W/(m K)  is used in this work. 270
Predicted absorption efficiency for nanofluids 271
For most of our applied particles, scattering contribution can be neglected according to the Mie theory. 272
Furthermore, the radiative equations can be simplified as a 1-dimentional transfer process. Under these 273 assumptions, an analytical solution for Eq. (6-a) can be obtained: 274
where E represents the spectral emissive power with unit of 3 W/m . In order to investigate the spectrum 276 behavior at wavelength below 1.1 m , which is the upper limit of our spectrophotometer, black body 277 re-emissive radiation can be neglected due to the small intensity of re-emission, seen in Fig. 5b . Coupled with 278
Eq. 5, Eq. 9 can be further simplified as: 279 
Further investigation will be discussed in next section with experimental results. 
Numerical results and comparison

305
Validation against experimental data 306
The absorption coefficients for gold nanoparticles and working fluid (water) calculated by Mie scattering 307 theory (Eqs.3-5) can be seen in Fig. 6a , where the volume concentration of gold particles is 5.8 ppm. The 308 absorption coefficient which cannot be obtained through experiments is a key parameter for 3D heat transfer 309 and radiative transfer equations. As shown in Fig. 6a , gold nanoparticles contribute the absorption in thereliability of our calculation, the absorbance from numerical results based on Eq.10 is compared with 312 experimental value in Fig. 6b . The simulation result is generally in agreement with the experimental value. 313
The experimental deviation in 600~800 nm is due to the existence of some bigger particles in the fluids, i.e., 950 W/m 2 ), which can be seen in Fig. 8a . The result in this case shows that the temperature at the up 330 middle of the tube along Y direction is higher than the bulk value. Generally, the highest temperature is located 331 inside the nanofluid volume (about 0.8 cm to the illuminated surface), for example 44 C  in this case.
332
Clearly larger temperature difference (i.e., more than 6 K) for the whole considered volume can be seen in Fig. 16 measured values to calculate PTE. 335
Efficiency prediction and comparison 336
Most of the prior studies such as Andrej et al. [3] were based on experimental or simulative temperature 337 field to optimize the efficiency of nanofluid-based DASC. Here we report a mathematical method to predict 338 the absorption efficiency (ABE), which represents the maximum possible efficiency for any nanofluid-based 339 solar system, according to optical properties, seen in Eq. (11) . 340 higher ABE is observed for gold nanofuids across the whole solar spectrum. The spectrum ABE increases with 342 the particle concentration, and nearly 100% ABE is achieved for 5.8 ppm nanofluids in the visible light 343 spectrum, which is related to the surface plasmon resonance phenomenon of gold nanoparticles. The small 344 depression at ~900 nm is associated with the poor absorbency performance in the near-infrared, which can 345 be explained by the Mie scattering theory. 346 equations (Eq. 9), the radiative transport energy is consumed inside nanofluid exponentially, and the PTE 351 should exhibit a nonlinear dependence on the particle concentration. 352 Eq. 12 is the theoretical maximum efficiency, in which the scattering and heat leakage are not considered. It 370 can be used as an efficient method for nanoparticle selection and solar collector optimization without the need 371 of measuring the temperature field. Photothermal efficiency based only on one temperature point shows a large 372 underestimation of the PTE for all samples. For example, the PTE is 12% lower than that from the 373 experiment-determined average temperature at fv=5.8 ppm. 374
What's more, the temperature used to determine PTE is usually at the beginning when the heat leak is not 375 significant, the temperature difference (i.e., 4.4 C for 1.45 ppm under 950 W/m 2 solar intensity) inside 376 nanofluid is comparable to this temperature range (10-15 C ). Neglecting of non-uniform temperature efficiency. To illustrate such an effect, Fig. 10b shows the maximum differences in temperature and PTE based 379 on the simulation result under a solar intensity of 1000 W/m 2 and particle size of 20 nm. Here the temperature 380 elevation employed to determine PTE is 10 K from the beginning of the experiment. Depending on the 381 measurement location, as high as 67% uncertainty could be obtained for the case of 5.8 ppm gold nanofluid. 382
The temperature non-uniformity issue will become more and more serious when the volume concentration 383 of nanofluids increases or the radiation intensity increases (i.e., under focused solar intensities). Quite a few 384 recent studies [13, 16, 17, 37] have shown that under a focused solar light, i.e., via a typical Fresnel lens, rapid 385 steam can be produced from plasmonic nanofluids albeit the bulk solution was still under subcooled conditions. 386
In one study [16] , by using very dilute gold nanoparticles (16.7 ppm) under a solar concentration of 1000 387 times, , steam generation efficiency was calculated as high as 80%, and only 20% of the absorbed solar energy 388 was used to increase the bulk fluid temperature. However, there is still a strong debate if the steam can be 389 produced around heated nanoparticles. Considering the potential large temperature difference in the fluids 390 under a focused solar intensity, there is a possibility that steam could be produced on the strongly heated 391 surface layer, where strong evaporation or even boiling can occur. Further exploration of this issue is ongoing, 392 and will be presented in the future. 393
Conclusions
394
Both outdoor experiments and simulation were conducted in this work to analyses the photothermal 395 conversion characteristics of gold nanofluids, and a new method was proposed to predict the theoretical 396 efficiency based only the optical properties. The main conclusions can be summarized as: 397
(1) The photothermal conversion efficiency of gold nanofluids is much higher than that of pure water, and 398 increased non-linearly with particle concentration, reaching 76% at a concentration of 5.8 ppm. 399
(2) Significant non-uniform temperature distribution was identified inside the fluid, indicating that the 400 consideration of average temperature is needed to obtain a reliable PTE. 401 
